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Abstract
Moniliophthora roreri, or Frosty Pod Rot (FPR) is a widespread pathogen that affects the fruit of
Theobroma cacao, a tree commonly known as the cacao tree. Often, cultivators seek to control
spread of M. roreri through fungicidal compounds. However, these fungicides place selective
pressure for resistance on M. roreri. Additionally, they can have adverse environmental and
human health effects and are difficult to integrate into practice for smallholders. Therefore
organic farms in Bocas del Toro in western Panama, have turned to biocontrol agents to reduce
the spread of M. roreri. These strategies include increasing hybrid variety, modifying community
composition, altering environmental factors, and changing the spatial composition of the
cultivars. In this study I analyzed the prevalence of M. roreri in cacao pods in relation to T.
cacao clone variety, community composition, and environmental factors. A significant
relationship (P=0.00171) and a moderate negative correlation (R2 = -0.40) between M. roreri
affectation and overall plot diversity was found. This suggests that the diversity of community
composition is a factor which influences overall M. roreri affectation.
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Introduction
Cacao: importance, characteristics and cultivation
The world market produced 4.552 million tons of cacao in 2016, which, using the average price
per ton from 2016 represents an annual market of $ 13.165 billion worldwide (International
Cocoa Organization 2016). Disease is a universal limiting factor in agriculture, but due to the
humid, low-light ecosystem required for cacao production, fungal diseases such as
Moniliophthora roreri (monalisis, Frosty Pod Rot or FPR) are increasingly destructive (PhillipsMora, 2006). In Latin America, M. roreri generally accounts for 30% of cacao pod loss, but can
account for up to 90% of pod loss in specific conditions, often leading to cultivar abandonment
(Phillips-Mora 2006). This disease is endemic to Colombia, and Panama was the first country in
Central America to be affected by M. roreri, which was introduced in 1956 (Bailey and
Meinhardt 2016; Cubillos, 2017). M. roreri and other fungal diseases in Central and South
America have historically been controlled by fungicides, but health and environmental concerns,
as well as growing fungal resistance to fungicides have moved cacao farmers, especially
smallholders, towards biocontrol methods (Ratnadass et al. 2012).
T. cacao, from the family Malvaceae, is native to Central and South American forests (Bailey
and Meinhardt 2016). First originating in the upper basin of the Amazon, it was spread by human
populations throughout first Mesoamerica and later the Caribbean, West Africa, and Southeast
Asia (Lim 2014). Due to its widespread distribution and longtime cultivation, there are four
genetically distinct populations of T. cacao commonly recognized: Forastero (found in the
Amazon region), Amelonado Forestero (found in the lower Amazon), Criollo (found in Central
America), and Trinitario (hybrid of Criollo and Forastero hybridized in Trinidad) (Lim 2014). T.
cacao thrives in the understory of the tropical rainforests, favoring a shaded, humid environment
and has long been cultivated in the tropics.
T. cacao is an evergreen tree commonly referred to as “cacao”. This tropical tree exists in both
native and cultivated populations. T. cacao is best cultivated in climates with temperatures
between 20-30°C with an average annual rainfall of 1250-3000 mm (Lim 2014). Sensitive to
extreme temperature and flooding, these trees grow best in well-drained soil with a stable pH
(Lim 2014). Physically, T. cacao is characterized by its large, alternating leaves and short trunk
(Lim 2014). The most obvious physical characterization of cacao is its fruits, or pods, which vary
from oblong to spherical, yellow to purple, and with smooth to bumpy skin (Lim 2014). Fruits
are comprised of three main structures: the pericarp (pod husk), the periderm (internal layers of
tissue) and loculus (seed cavity) (Bailey and Meinhardt 2016). Inside the loculus, seeds are
surrounded with sweet pulp-like tissue that is used to nourish the seeds (Bailey and Meinhardt
2016). Unlike many other fruiting trees, T. cacao pods are couliflourous (Bailey and Meinhardt
2016). Due to the robust nature of the pericarp, diseases that affect the pod must either attack
before the pod is fully formed or enter in through wounds, lesions or the tree’s vascular system
(Lim 2014).
T. cacao first evolved alongside pathogens and organisms present in the Amazon (Bartley 2005).
Because T. cacao was spread from its native ecosystem to West Africa and Southeast Asia, it has
been introduced to many new-encounter diseases (Evans 2007, Lim 2014). This phenomenon
occurs in the opposite manner as well. When T. cacao was removed from its native pathogens, it
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underwent “enemy release,” the effect of being removed from coevolved pathogens and their
destructive implications (Bailey and Mienhardt 2016). For this reason, T. cacao cultivation in
West Africa and Asia provided a respite from common diseases in Central and South America.
History of cacao cultivation and disease
The historical use and cultivation of T. cacao informs its present patterns of distribution and
value. Uncultivated, naturally occurring populations of T. cacao were harvested by early
Mesoamerican civilizations in the Amazon basin for its fruit and pulp (Bailey and Meinhardt
2016). Archeological evidence shows that traditions of using cacao in food and beverage date as
far back as the pre-Hispanic Maya in 500 CE (Grivetti 2009). Later, the cacao seeds were also
consumed, used as currency, and used to indicate status within communities (Bailey and
Meinhardt 2016). During the period of European colonization, cacao strains were spread
throughout the continent (Lim 2014).
A factor that heavily influenced the spread of T. cacao cultivation in the colonial era was high
prevalence of herbivory and disease. In many cases, instead of instituting remedial measures for
cultivars with high levels of disease, plots were abandoned and new cultivars were established in
different regions (Bailey and Meinhardt 2016). Despite this historical pattern, the reason for the
high level of disease affectation was not regional deficiencies, it was due to genetic diversity
deficiencies within the T. cacao population. In fact, most of these cultivars were based on a
single Amazonian variety of cacao, leading to high levels of affectation (Bailey and Meinhardt
2016; Lim 2014). Also, the variety of cacao commonly cultivated was the Criollo type, known
for its flavor profile but not for its hardiness (Guest 2006).
One of the most influential examples of this link between variety of cacao and disease
prevalence is the cultivation of cacao in Trinidad in the mid 1700s. Due to a “blast” of disease
that wiped out most of Trinidad’s Criollo variety trees, the T. cacao cultivation sector was
widely abandoned (Grivetti 2009). It was not until Forestero variety trees were imported from
Venezuela that cacao production was reestablished in Trinidad (Grivetti 2009). This introduction
of Forestero variety trees did more than reinvigorate Trinidadian exports; a natural hybridizing
occurred between the Forestero trees and the remaining Criollo trees that resulted in the
Trinitario variety (Guest 2006). Because it was noted for combining the excellent flavor profile
of Criollo and the resilience of Forestero, the new Trinitario variety was reintroduced to
Venezuela (Bailey and Meinhardt 2016).
Historical patterns of monoculture and disease manifest in a similar way to this Trinitario variety
example. Up until the mid 1800s, in Ecuador the Nacional variety was cultivated exclusively for
its high value in international markets (Loor Solorozano et al. 2012). However, as globalism
increased, foreign diseases such as Moniliophthora perniciosa and Moniliophthora roreri
infiltrated and devastated the native T. cacao varieties (Loor Solorozano et al. 2012). It was only
through introducing foreign varieties into the Ecuadorian gene pool that the agricultural sector
was able to recuperate losses and reduce future disease affectation (Loor Solorozano et al. 2012).
These situations were not isolated to Central and South America. In the 1930s, cocoa swollen
shoot virus (CSSV) almost eliminated the West Africa Amelonado variety which was cultivated
almost exclusively in Ghana, Togo and Nigeria (Bailey and Meinhardt 2016). In an effort to
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salvage the West African Almelonado germplasm, researchers hybridized the surviving West
African Almelonado with the hardier Trinitario variety to create greater resistance (Bailey and
Mienhardt 2016). These hybrids and the ensuing introduction of greater diversity within the gene
pool not only helped cope with CSSV, it increased yields 42% from previous, pre-infection
production rates (Bailey and Meinhardt 2016).
Efforts to reduce disease affectation and increase yields through genetic improvement of hybrids
did not stop with the successes in West Africa. One of the most well-known cacao breeding
programs for genetic improvement in the past 30 years has been the CATIE (Tropical
Agricultural Research and Higher Education Center) program in Turrialba, Costa Rica
(Somarriba et al. 2001). CATIE focuses on not only developing hardier and more disease
resistant cacao lines, but also developing agroforestry systems and cacao gene banks (Bailey and
Meinhardt 2016). Since the rise of the high loss disease trilogy, Phytophthora palmivora (Black
pod rot, BPR), Moniliophtheora perniciosa (Witch’s broom disease, WBD), and the
aforementioned Moiliophthora roreri (Frosty pod rot, FPR), researchers at CATIE have been
developing lines of cacao that are resistant to one or more of these diseases (Evans 2007;
Somarriba et al. 2001). Their successes have resulted in the widespread distribution of these
resistant clones, leading to reduction of cacao disease prevalence worldwide (Bailey and
Meinhardt 2016).
Currently research on how to reduce disease prevalence continues to explore novel ways to
increase yields in T. cacao production. A key component of these efforts is focused on making
agroforestry techniques accessible to smallholders, the most common cultivators of T. cacao
(Somarriba et al. 2001). Many smallholders simply do not have the capacity for the institution of
large-scale biocontrol or chemical control measures (Bailey and Meinhardt 2016). Because of
this, the introduction of more disease-tolerant lines to more smallholder farms has the potential
to offer reduction of disease in a manner more immediately useful than other costlier methods
(Somarriba et al. 2001). Although the state of T. cacao cultivation is historically volatile, new
biocontrol methods such as the ones researched by CATIE have the potential to bring new
stability into the cacao market and livelihoods of those in the T. cacao cultivating community. M.
roreri has shown the potential to devastate the economies and ways of life of many cacao
cultivating communities because of its inability to be conquered by traditional treatments.
Because of this, CATIE’s programs offer special promise to the cacao-focused smallholder
community affected by M. roreri.
Disease mechanisms and life cycle
M. roreri, commonly referred to as frosty pod rot, monilia or monalisis, is known for being a
powerful yield-limiting factor in Central and South America due to its mechanisms, ecology,
dispersal patterns and resilience. M. roreri was first assumed to be an extension of M. perniciosa
due to its initial infection morphology (Phillips-Mora 2006). However, as the cell structure and
life cycle was more closely researched, it was discovered to be its own distinct species of
pathogenic fungus (Evans 2007). It is hypothesized that original host of M, roreri was T. gileri
and that the conditions in which it first evolved placed pressures that resulted in its high
production of hardy spores (Evans 2007). For these reasons, M. roreri in the past 50 years has
become the T. cacao disease that poses the most threat to production in the western hemisphere
(Phillips-Mora 2006).
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M. roreri is both an asexual and sexual Basidiomycete with a dual life cycle comprised of a
biotrophic phase and a necrotrophic phase (Bailey and Meinhardt 2016). In comparison to other
fungal plant diseases, M. roreri’s conidia are surprisingly multipurpose, serving for reproductive,
infectious and dispersal phases (Evans 2007). These spores accomplish this by developing the
basidium throughout the life cycle, thickening the cell walls for survival purposes and dormancy
(Evans 2007). Due to these adaptations, M. roreri has the ability to survive dormant within soil
or mummified pods for up to 9 months (Bailey and Meinhardt 2016).
This fungi’s biotrophism is a key phase of the infection cycle. Although the specific infection
mechanism is uncertain, it is hypothesized that M. roreri’s spores infiltrate the cacao pods
through the flowers or the flower cushions (Evans 2007). Despite this uncertainty, it is known
that M. roreri’s spores only infect early on in the pod life cycle and do not enter in postdevelopment through wounds like other common diseases (Guest 2006). During the biotrophic
phase, the mycelium multiply intracellularly in the cacao pods through feeding on living tissue,
not alerting the immune system; this process lasts for up to 45 days (Bailey and Meinhardt
2016). This internal growth results in irregular pod swelling and early pod maturation (Bailey
and Meinhardt 2016). During this time, M. roreri is monokaryotic and reproduces asexually as
long as biotrophism is maintained (Bailey and Meinhardt 2016). This phase occurs slowly and
visible symptoms such as irregular swelling occur only after approximately 7 weeks (Bailey and
Meinhardt 2016).
The second phase of the infection cycle is necrosis. Necrosis is initiated when pod maturity
renders physiological changes limiting the mycelium’s access to nutrients (Bailey and Meinhardt
2016). At this time, the cells become dikaryotes and the mycelium becomes saphrophytic (Bailey
and Meinhardt 2016). Rapid cell death and tissue degradation ensues, resulting in external
symptoms such as brown lesions and white pseudostroma (Bailey and Meinhardt 2016).
Throughout this process, the pod effectually becomes a fruiting body, covered in spores (Bailey
and Meinhardt 2016). Rotting the pod from the inside out, all parts of the pod are impacted. After
spores are released, the pod becomes increasingly dry and is eventually mummified (Bailey and
Meinhardt 2016). Mummified pods still retain a layer of thick-walled spores which have
increased longevity and can be dispersed by wind and rain (Bailey and Meinhardt 2016).
M. roreri disease ecology and methods of control
The epidemiology and causes of fungal plant diseases such as M. roreri are difficult to treat due
to the climate conditions in which its host, T. cacao thrives, and the infection mechanism. M.
roreri favors a hot, humid environment with high annual rainfall. Also, due to the comparatively
long incubation period, initial M. roreri infections can be difficult to detect and treat on a large
scale before necrosis initiates (Bailey and Meinhardt 2016). Due to the nature of its high-density
sporulation and the longevity of its spores, M. roreri can be considered positively correlated
density dependent in terms of number of pods, meaning that the disease affects pods
proportionally to the amount of pods present (Bailey and Meinhardt 2016). However, because M.
roreri only affects the pods of the trees, higher density of other non-host organs (such as
branches and leaves) can have a negative impact of disease dispersal within a community (Ngo
Bieng et al. 2017). When analyzed statistically, M. roreri incidence in terms of pod affectation
generally follows a binomial distribution (Ngo Bieng et al. 2017).
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Increasing plant genetic diversity is shown to have impacts beyond individual resistance to
disease and community traits. Unfortunately, throughout the history of its cultivation, farmers
have created a genetic bottleneck in the cacao population through monoculture and lack of access
to the larger cacao gene pool (Bailey and Meinhardt 2016). Due to this reduction in genetic
diversity, populations of cacao have faced increased levels of outbreaks of Moniliophthora
perniciosa (Witches’ broom disease) , Caulimoviridae (Cacao swollen shoot disease), and M.
roreri often leading to more than 50% crop destruction and mass losses (Bailey and Meinhardt
2016; Guest 2006). Similarly, in mass cultivation, plots of cacao are less likely to be exposed to
environmental influences and the ensuing natural selective pressures that yield natural
biodiversity (Bartley 2005). These losses and their cultural, economic and sociological
implications have caused a search for ways to increase cacao genetic diversity within farms and
communities.
Smallholder cacao growers have worked with a variety of biocontrol methods such as cane
molasses amendment, competing but non-infectious fungi, and altering landscape attributes such
as humidity and tree spacing (Ange et al. 2017; Guest 2006; Julián et al. 2017; Krauss et al.
2006). Sr. Lozada is an organic cacao farmer in Finca La Magnita, Charagre, Bocas del Toro,
Panamá and the founder of the local organic farming initiative, Asociación Silvo-Agropecuaria
(ASAP). Because of his experience observing other farmers struggle with disease and herbivory
due to cacao monoculture, in his practice he uses biocontrols and development of new cacao
clones to reduce the effects of these limiting factors (Pers. comm. 2017). As of 2017, he and his
father have grafted over 60 different cacao clones in their farm, each with distinct flavor profiles
and resistances to diseases (Pers. comm. 2017).
Part of the search to control these diseases was to introduce new alleles from uncultivated cacao
plants in the Amazon into cultivated populations (Bailey and Meinhardt 2016). While there has
been a small effort to increase the genetic diversity within cacao cultivation, it is often difficult
for smallholders to obtain new varieties of cacao plants, especially if they have participated in
monoculture for many years (Bartley 2005). Because of this, Sr. Lozada searches for and
cultivates many clones and varieties of cacao plants on this farm, creating a sort of local gene
bank, useful for reintroducing biodiversity into cultivars (Rao 2016). In combination with other
local efforts, it is hoped that they can develop cacao variety diversity into an effective biocontrol
of disease outbreaks such as M. roreri.
In this study I analyzed Finca La Magnita’s cacao clone diversity, community composition and
environmental factors in order to further understand how localized clone diversity can influence
the prevalence and intensity of M. roreri within cultivars. By increasing the knowledge base of
these cacao clones and their community interactions, this farm and the cacao cultivating
community could be enabled further in their process of developing successful, community
composition related biocontrols for M. roreri.
Research Question
How is the prevalence of M. roreri in cacao fruits related to cacao clone variety, community
composition and environmental factors?
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H0: there is no significant difference in prevalence in M. roreri among plots with different cacao
clone variety, community composition and environmental factors.
HA: there is a significant difference in prevalence in M. roreri among plots with different cacao
clone variety, community composition and environmental factors.
Materials and Methods
Study site
Bocas del Toro is one of Panamá’s most western provinces, boardering Costa Rica.Within the
tropical climate, this province receives an average of 3277 mm of rain annually (Aronson et al.
2014). The rainy season is from May to December, which is the time period in which this study
occurred (Aronson et al. 2014). The Teribe river runs through Bocas del Toro, and provides
irrigation to the site of study.
The farm is comprised of biodiverse plots which mix cacao plants with plantain, banana, and
tropical hardwood trees to provide shade. The farm’s cacao cultivars are 5 hectares in total.
These cultivars are divided into 5, spatially unequal management areas: CATIE-Hybrid mix,
CATIE-clonal garden, abandoned hybrids, UF (United Fruit clones) North and UF South.
Plot set-up and randomization
To reduce bias and increase statistical analysis
power, the plot selection process was
randomized. Each cultivar was divided into
plots approximately 10 m2 . A random number
generator (Random UX for Android) was used
to select a total of 30 independent plots from
which to sample (Dodson et al. 2012).
a
c
b

d

e

f

g

h

Image 1: M. roreri affectation, (a) 1-25% pod
affectation, (b) 26-50% pod affectation, (c, d,e)
51-75% pod affectation, (f,g,h) 76-100% pod
affectation, (e,f,g) sporulation period of M.
roreri, (h) mummification

a

b

c

d

e

f

Image 2: BPR affectation, (a,b) 1-25% pod
affectation, (c) 26-50% pod affectation, (d) 5175% pod affectation, (e) 76-100% pod
affectation, (f) 0% pod affectation
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Species and clone identification
Each plant photograph was reviewed and identified phenotypically using taxonomic keys and the
Sr. Lozada’s cacao clone knowledge. Species data was synthesized to determine cacao clone
diversity, associated diversity, evenness, and species richness (Dodson et al., 2012; Rajab et al.
2016).
Pod affectation analysis
On each tree, each pod measured was assigned a value from 0-4 describing affectation from M.
roreri, Phytopthera (Black pod rot or BPR), herbivory or other source. M. roreri affectation was
measured by its visible symptoms: dark, irregular lesions, white, pink, or tan pseudostroma,
mummification, and irregular, asymmetric swelling of the fruit (Bailey and Meinhardt 2016).
PHT was measured by its visible symptoms: brown and black cankers with varying degrees of
white fungal cover, black lesions, and brown and black necrosis (Bailey and Meinhardt 2016).
Herbivory was measured by its visible symptoms: wounds in the pericarp and evidence of
irregular lesions consistent with herbivorous attack (Bailey and Meinhardt 2016). Photos in the
book Cacao Diseases by Bailey and Meinhardt to help identify symptoms. 0 refers to pods with
zero visible symptoms (image. 2, f). 1 refers to pods with 1-25% pod affectation (image 1, a,
image 2, a, b). 2 refers to pods with 26-50% pod affectation (image 1, b, image 2, c). 3 refers to
pods with 51-75% pod affectation (image 1, c, d, e, image 2, d). 4 refers to pods with 76-100%
pod affectation (image 1, e, f, g, image 2, e).
Humidity measurement
Humidity was measured with a Kestrel in the middle of each radial transect at two points during
data collection. One measurement for all plots will be taken on the same day, between the hours
of 6:00 am and 9:00 am. The other measurement was taken at the time of the other transect
measurements. Fungal growth is encouraged by high humidity, so this an important possible
confounding factor to consider when observing M. roreri affectation (Leandro-mu et al. 2017).
Temperature
Temperature was measured with a Kestrel in the middle of each radial transect. One
measurement for all plots will be taken on the same day, between the hours of 6:00 am and 9:00
am. The other measurements were taken at the time of the other transect measurements. M.
roreri growth favors an average of 30 C˚, so analyzing temperature of the plots is necessary to
control for confounding factors (Leandro-mu et al. 2017).
Wind speed
Wind speed was measured with a Kestrel in the middle of each radial transect. M. roreri spores
are mobilized through wind (Bailey and Meinhardt 2016). Analysis of wind speed is crucial to
control for as confounding factor in M. roreri growth and distribution.
Canopy height
Canopy height was measured with a range finder at the tallest tree in the center of each plot.
Canopy height is related to canopy cover, which can affect sunlight and therefore fungal growth
(Gidoin et al. 2014).
Diameter at Breast Height (DBH) and Basal Area (BA)
DBH was measured for all cacao trees within each plot using a DBH tape. For some T. cacao
trees the trunk ended before breast height. In these cases, the diameter was measured on the trunk
right before the branches began. This value will be converted into BA using the basal area
equation (Evans et al. 2006).
BA = π * (DBH)2 / 4000
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Gap fraction and leaf area index (LAI)
Gap fraction and LAI were measured with a hemispherical photograph taken in the middle of
each radial transect. Canopy cover and canopy density is directly related to the level of sunlight
received on the forest floor, and can be a confounding factor when considering fungal growth.
Because of this, it is important to control for this factor when observing M. roreri affectation
(Gidoin et al. 2014).
For each hemispherical photograph, a camera equipped with a fish eye lens was placed at the
center of the radial transect on a flat surface, level with the ground. Pictures were taken when
light is low (at sunrise, sunset or on overcast days) to prevent light bleeding. The camera was set
to wide angle adapter to ensure that the full range of canopy is captured. The lens was aligned
with North using a compass and a timer will be set. Once the photo was taken, the photo number
was recorded with the plot number. This process was repeated to improve accuracy. Photos were
analyzed using HemiView Forest Canopy Image System analysis to calculate gap fraction and
LAI within each plot.
R statistical analysis
I calculated cacao clone diversity using Simpson’s index, which takes into account relative
abundance of each species. I analyzed the means of M. roreri affectation in the varying plots. I
will analyze these means with R and R studio versions 3.2.3. I used regression analysis and
matrices to determine if there is high correlation between any of the variables (Team RDC
2013).I used a multi-way ANOVA test to see if the difference in vectors of means of affectation
among the plots is statistically significant (Team RDC 2013). This test was also used to analyze
the interactions between variables within the data set. This test was used to make multiple
comparisons between total M. roreri affectation, overall plot diversity, associated diversity,
cacao clone identity, localized humidity, pod age, local temperature canopy cover, and BA. For
all statistical tests, the threshold for statistical significance was P= 0.05.
Ethics
This project was approved through the LRB/IRB process. Due to its lack of human subjects or
sensitive topics, it was exempt from Human Subjects Review. Throughout the research and
writing process, I have abided by the LRB/IRB standards for research. To ensure minimal harm
was done to the site of research, I refrained from touching diseased pod tissue. In addition, I did
not interfere with the plant growth in any way and no tissue samples were taken.
Results
Due to the nature of the data, a direct linear relationship between M. roreri affectation and any of
the explanatory variables is nonexistent. However, it is possible to observe a significant
polynomial relationship between M. roreri affectation and some of the explanatory variables.
Overall, 27 unique T. cacao clones were observed. In terms of relative clone abundance, the
clone with the highest abundance was green hybrid, making up 44% of the overall population.
Other common clones include red hybrid, 11.4%, and UF12, 13.3% (see fig. 1). Average number
of pods per tree had a minimum of 4, a maximum of 46.25 and a mean 14.4 pods, with an
average standard deviation of 10.2 (see fig. 2). The clones that had the highest average M. roreri
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Figure 1 (upper graph): relative
abundance of each of the 27 total
unique clones observed, by far
green hybrid was the most abundant
variety

Figure 2 (lower graph): distribution
of number of pods per clone over
the 27 total unique clones observed
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Fig. 3: Average M.

roreri and BPR affectation for each measured and identified clone, both M. roreri and BPR were described on a scale of 0-4.

(cont. pg 19)
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Figure 4: Summary of FPR affectation in all pod types, mature pods, and
juvenile pods. FPR total affectation summary: (0.0 0.0000 0.0198
0.8698 0.7613 3.9527), FPR affectation mature pods summary: (0.0000
0.0000 0.7061 0.5936 3.9024), FPR affectation juvenile pods: (0.0000
0.0000 0.9749 0.8750 4.0000). Format: (Min. , 1st Qu., Median, Mean
3rd Qu., Max)
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Figure 5 : Summary of
diversity per plot (1.280,
2.484, 3.233, 3.719,
4.177, 9.941)

Figure 6 : Summary of percent
relative humidity per plot, (84.80 ,
91.44, 93.53, 92.88, 94.44, 99.45).

Figure 7: Summary of FPR affectation by plot type:
CATIE/HYBRID, UFS, UFN, CATIE/CG, HIBA.
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Figure 8: Total diversity calculated using Simpson’s index vs FPR affectation for all pod
types, regression reveals a moderately negative correlation between total M. roreri affectation
and total diversity (R2= -0.40)
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Figure. 9: interaction plots comparing total diversity
(Simpson’s index values), plot type (UFS,
CATIE/CG, CATIE/HYBRID, HIBA, UFN), and
FPR affectation (0-4). Plot a utilizes M. roreri
affectation in mature pods, plot b utilizes FPR
affectation in juvenile pods, plot c utilizes FPR
affectation in all pods.
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affectation were UF 21, UF 25, and green hybrid (see fig. 3). The clones that had the highest
average BPR affectation per tree were UF 24, UF 23, and PC2-A35 (see fig. 3).Plots had high
variation in Simpson’s diversity index values, with a standard deviation of 1.93 centered around
a mean of 3.72 (see fig. 5). Due to the relatively low overall diversity, the data was highly left
skewed (see fig. 5). The clones that showed no incidence of M. roreri or BPR affectation were
UF17, UF18, UF19, UF20, UF613xUF24, UFC13xMCL, EET-925, EET-95, EURO-SAF, FC2A34, and UF14 (Fig. 3). The most common non-cacao components of each plot were Musa ×
paradisiaca (plantain), Laurus nobilis (Laurel), and Dipteyix oleifera (Almendro). Average
associated diversity had a minimum of 0, maximum of 5, and a mean of 1.85.
Each of the plots fits one of five categories based on components, management strategies and
location: UFN (United fruit north), UFS (United fruit south), HIBA (abandoned hybrids),
CATIE/CG (CATIE clonal garden), or CATIE/HYBRID (mix of CATIE clones and hybrids).
Each of these different categories showcased different compositions of clones and non-cacao
components. UFS plots had an average diversity of 6.6, UFN plots had an average diversity of
2.55, CATIE/CG plots had an average diversity of 3.81, CATIE/HYBRID plots had an average
diversity of 4.41, and HIBA plots had an average diversity of 2.48. A two-way ANOVA found a
significant relationship between plot type and overall diversity (P=0.0349).
Each of these plot categories showcased a different rate of overall M. roreri affectation (see
fig.7). UFN plots had an average M. roreri affectation of 0.93. UFS plots had an average M.
roreri affectation of 0.27. CATIE/CG plots had an average M. roreri affectation of 0.13.
CATIE/HYBRID plots had an average M. roreri affectation of 0.01. HIBA plots had an average
M. roreri affectation of 3.053. A two-way ANOVA found a significant relationship between plot
type and average M. roreri affectation (P= 1.38e-7). Interactions between M. roreri affectation,
plot type and diversity did not follow a linear relationship (see fig. 9), and there was not a
statistically significant relationship rendered by a three-way ANOVA (P= 0.74).
An analysis of average M. roreri affectation per plot for all pod types rendered a minimum of 0,
a maximum of 3.95 and a mean of 0.87 (see fig. 4). An analysis of average M. roreri affectation
per plot for mature pods rendered a minimum of 0, a maximum of 3.90, and a mean of 0.59. An
analysis of average M. roreri affectation per plot for juvenile pods rendered a minimum of 0, a
maximum of 4, and a mean of 0.88. Analysis of the relationship between pod status and M.
roreri affectation with a three-way ANOVA revealed a significant relationship between pod
status and M. roreri affectation (P= 5.89 e-16 for mature pods and P=0.00018 for juvenile pods).
Linear regression and scatterplot matrices clarified the redundancy of some variables and
allowed for their elimination from factor analysis (see fig. 10). A multiple regression revealed
that gap fraction and LAI act as predictors of each other, so only LAI was taken into account in
statistical analysis. Basal area and total number of pods per tree are correlated, so only total
number of pods per tree was taken into account in statistical analysis. Relative humidity did not
have significant variation plot-to-plot, so it was excluded as a factor.
Pearson correlations between these factors revealed a moderately negative correlation between
total M. roreri affectation and total diversity (R2= -0.40) (see fig.8). This test also revealed a
moderately strong positive correlation between average number of pods per tree and total M.
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roreri affectation (R2= 0.71). A weak, negative correlation was found between LAI and total M.
roreri affectation (R2= -0.21). A five-way ANOVA comparing total M. roreri affectation against
total diversity, average number of pods per tree, altitude and LAI was performed. This test
revealed a significant relationship between M. roreri affectation and diversity (P=0.00171) (see
fig.8), between M. roreri affectation and average number of pods per tree (P=3.72 e-5), and
between M. roreri affectation and interacting total diversity and average number of pods per tree
(P=0.02792).
Discussion:
Due to the highly significant statistical relationship previously outlined between M. roreri
affectation and overall plot diversity, I reject my null hypothesis that there is no significant
relationship between M. roreri affectation and overall plot diversity, a community composition
factor. These data suggest that by increasing overall diversity within a plot, it may be possible to
decrease M. roreri affectation. Similarly, these data also suggest more complex interactions
between ecological factors, community composition and clone type.
This relationship between M. roreri affectation and overall plot diversity could be related to the
relationship between plot diversity and amount of non-host organs available within a system
(Ange et al. 2017). By interspersing T. cacao trees with a diverse mixture of other trees and
plants, it may be possible to create natural fences that reduce overall spread of M. roreri spores.
Alternatively, this relationship between M. roreri affectation and overall plot diversity could be
related to the relationship between plot diversity and overall plot ecological robustness. A
population that has higher biodiversity is more likely to more resistant to disease, and this could
have implications in terms of M. roreri affectation (Gidoin et al. 2014). Previous studies
performed in Columbia found similar relationships between overall genetic diversity within a
cultivar and overall disease affectation (Cárdenas Pardo 2017). It was hyptothesized that by
increasing diversity within a population, the “focal points of infection” would be more widely
spaced, reducing intensity and scale of infection (Cardenas Pardo 2017). The same phenomena
could be occuring here, resulting in reduced M. roreri affectation within more biodiverse plots.
Similarly, it is suggested that increasing biodiversity within a cultivar can reduce disease
affectation through stimulo-deterrent diversion and by diluting resources (Ratnadass 2012). It is
also hypothesized that by increasing the volume of “non host organs” (i.e. leaves or branches), it
may be possible to dilute the effects of the disease (Ngo Bieng et al. 2017). This hypothesis fits
within the suggestion that increased diversity may reduce overall disease affectation. The greater
the amount of non-cacao trees within a plot, the greater amount of “non host organs.” Further
research will be needed to specify the specific interactions between biodiversity and the disease.
In these data, there were few statistically significant relationships between LAI or gap fraction
and overall M. roreri affectation. This was surprising because working alongside the workers on
the farm, it was possible to see how often strategic canopy-thinning techniques were
implemented as a method to control M. roreri affectation. However, this lack of direct
correlation could indicate a relationship influenced by other factors. There was a statistically
significant relationship between total M. roreri affectation and interacting gap fraction and
average number of pods per tree. This relationship could indicate that when pod density is
considered, increasing gap fraction does have a strong relationship with decreasing M. roreri
affectation.
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The varying affectation of M. roreri between clone types could indicate the varying resistance of
clone types. The clones that showed the highest prevalence of M. roreri and BPR pod affectation
were generally within the UF and Green Hybrid groups. These families were largely unaltered to
be more resistant to disease, and it is plausible that this is the reasoning behind the increased
amount of affectation. The clones that showed the lowest prevalence of M. roreri were largely
belonging to the CATIE group of clones. These clones are hybridized to be more resistant to M.
roreri, and this genetic improvement is likely the cause behind the highly-decreased amount of
affectation. There is also a positive correlation between amount of clones hybridized to be
resistant within a cultivar and cultivar biodiversity. This connection could also reduce a plot’s
overall disease affectation (Cárdenas Pardo 2017).
Possible sources of error:
Due to the internal nature of the biotrophic phase of infection, it is possible to have missed early
symptoms of M. roreri affectation (Bailey and Meinhardt 2016). Because of this, the data is
vulnerable to type I error and false positives. Similarly, the final mummification stage of M.
roreri and some stages of BPR are very similar in appearance: complete black pod putrification.
Because of this, it is possible to have either mistook the presence of M. roreri for the presence of
BPR or to mistake the presence of BPR for the presence of M. roreri. Although Sr. Lozada’s
plant identification skills are very developed, it is possible that species identification errors could
have occurred. Even though an average humidity measurement was taken over the course of 2
days, it could have been affected by the seasonal or daily conditions. Although hemispherical
photos for calculating gap fraction and LAI were taken early in the day, some still presented
issues with light bleeding, and could have affected the calculations.
Conclusion
In summary, M. roreri’s infection mechanisms, disease ecology, historical influence and
economic effects make it the threat to T. cacao cultivation that it is today. Due to its destructive
potential, methods for its control have been researched since it was first discovered
approximately 100 years ago (Bailey and Meinhardt 2016). From the creation of the Trinitario
variety to the continuation of CATIE’s work with T. cacao, genetic diversity and hybridization
have been used as a method of biocontrol (Evans 2007).
The purpose of this paper was to examine the relationship between M. roreri affectation and
biodiversity. A statistically significant negative correlation between M. roreri affectation and
biodiversity was found. Because of this, it was possible to accept the hypothesized relationship
between M. roreri affectation and biodiversity. In addition to this relationship, the data also
suggest a relationship between number of pods per tree, LAI and M. roreri affectation. This data
fits into the larger body of research exploring the relationship between genetic diversity and
disease prevalence within a community. For example, a similar study performed in Columbia
found similar relationships between genetic diversity within a community and reduced disease
prevalence (Cárdenas Pardo et al. 2017). Similarly, a study based in Cameroon found that, in
addition to controlling for spatial distribution factors, host composition and genetic diversity play
a role in community resistance to disease (Gidoin et al. 2014).
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To continue this path of research, further study analyzing more specific community aspects and
their relationship to M. roreri prevalence is needed. For example, analyzing how combinations of
specific clones within a cultivar can affect M. roreri prevalence. Similarly, further analysis on
how specific plants other than T. cacao affect M. roreri prevalence within a community would
improve knowledge about community interactions. Due to the long maturation period of T.
cacao pods and the incubation period of M. roreri, it is necessary to perform longer term studies
that span the entire growing season. A long term study would also allow standardizing analysis
of local weather conditions and ecological characteristics, better informing the body of
knowledge of confounding factors.
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